ABSTRACT: A laboratory device was used to simulate the environmental conditions in a seston layer of about 1 mm thickness, similar to those in aggregates of the open water of the Elbe estuary, Germany. During 98 h of oxic, suboxic and anoxic incubation, microbial degradation was investigated by measuring both changes in the chemlcal compos~tlon of the particulate organic carbon (POC) and heterotrophic microbial activities. Mineralization of the POC at 15°C occurred at mean rates of 16 under oxic, 26 under suboxic, and 0.24 pm01 cm-3 d-' under anoxic conditions. Different respiration processes accounted for ratios of carbon degradation equal to 1 7 for oxygen:nitrate, 430 for nitrate:manganese, and 3.5 for Mn(IV):Fe(lII) Dunng o x~c and suboxic incubation, particulate combined amino acids (PCAA) were preferred as an organic substrate, and PCAA:C ratios decreased from about 0.12 to 0.02. A total of 85% of the PCAA wds degraded within 56 h including PCAA and dissolution of silica from the cell wall material of diatoms; the remaining amlno acids were assumed to be those from active bacteria. Chlorophyll a (chl a ) was more resistant to degradation than total POC below a threshold value of 60 p M 02, which resulted in an increase of chl a.C ratlos up to 37. A decrease in the availability of particulate substrates for heterotrophic decomposition was expressed as an accumulation of glycine and serine and a depletion in aspartic and glutamatic a c~d in the PCAA. During anoxic incubation PCAA decreased by only 18% and remained unchanged in composition. Along the longitudinal profile of the freshwater section of the Elbe estuary, gradual decomposition of the seston material during summer downstream transport was followed by changes in composition similar to those observed in the oxic laboratory experiments. The results indicate that phytoplankton debris that is not available as a substrate for microorganisms in sediments and small suspended particles is rapidly degraded within seston aggregates.
INTRODUCTION
Understanding the microbial decomposition of particulate organic carbon (POC) in aquatic environments is important because it is a source of the energy, nutrients, and trace elements that control both primary and secondary production. Generally, processes and rates of microbial degradation depend on environmental conditions such as redox and temperature and the chemical composition of the organic matter. Redox conditions control the use of different inorganic and organic terminal electron acceptors, i.e. respiration and fermentation processes. Because the bacteria that perform these processes have different capacities to hydrolyze POC and differ in their substrate specificities towards the dissolved organic carbon (DOC) compounds (Ratledge 1994) , the microbial availability of POC varies between the different mineralization processes. Apart from this autecological point of view, microbial interactions might significantly influence decomposition in habitats where the members of a diverse microbial con~munity are physically close to each other. These habitats include aggregated parti-cles, sediment surfaces, biofilms and flocs of seston (Loosdrecht et al. 1990 , Smith et al. 1992 , Kepkay 1994 , Kerner & Gramm 1995 .
The quantification of microbial processes within suspended particulate matter (SPM) is difficult because the environmental conditions within the particle are not always the same as in the surrounding water. In both freshwater and marine environments, SPM can be present in the form of aggregates from several mm to several cm in diameter, and steep redox gradients from oxic to anoxic conditions can occur within these aggregates (Jerrgensen 1977 , Alldredge & Cohen 1987 , Eisma 1993 , Grossart & Simon 1993 . The redox layers allow different respiration processes to occur within the aggregates and, thus, degradations of different organic substrates may be closely associated within the space of a single aggregate (Serrensen et al. 1981 , Lovley & Phillips 1986 . Furthermore, SPM is a mixture of organic matter of diverse biochemical structure and intrinsic stability. Thus, decomposition of SPM is insufficiently reflected by monitoring changes in the chemical properties that do not specifically characterize the bulk of the material.
Separation of SPM fractions using differences in their settling velocities has proven suitable for characterizing differences in the origin of the particles and their state of decomposition (Kerner & Krogrnann 1994) . Chemical approaches to characterize the degradation processes focus on the determination of specific dissolved or particulate substances that are produced or consumed under defined environmental conditions (Lee 1992 , Coffin et al. 1993 , Hedges & Keil 1995 . Pigment compositions have been effectively used to determine both the phytoplankton community structure and the state of degradation of the phytoplankton in marine and freshwater systems (Furlong & Carpenter 1988 , Letelier et al. 1993 , Head et al. 1994 , Poryvkina et al. 1994 . Recently, identified glycolaldehyde as an indicator of anaerobic degradation processes that occur in the open wa.ter of the Elbe estuary, Germany, in suspended seston aggregates 22 mm in diameter. Of the non-proteinaceous amino acids, p-alanine and yaminobutyric acid have been found to be diagenetic by-products during degradation of SPM. Both dissolved and particulate concentrations of these tend to increase as diagenesis progresses in sediments and in sedimenting particles, respectively, in the Amazon River (Cowie et al. 1992 , Hedges et al. 1994 . However, the formation of non-proteinaceous amino acids in particles does not always produce a predominance of these compounds, and their amounts relative to proteinaceous amino acids have been reported to remain constantly low on sinking particles in the Pacific (Lee & Cronin 1982) .
Here, we report an alternative approach which utilizes a defined particulate C pool within the complex mixture of organic molecules to estimate the state of decomposition of seston aggregates. Cell wall material of diatoms was used as the defined C pool because it is known to contain glycine and serine (Hecky et al. 1973) , and is relatively more resistant to degradation (Cowie et al. 1992) . We hypothesize that during degradation of seston containing diatoms an increase in the proportion of glycine and serine relative to the other proteinaceous amino acids occurs, while the cell wall material remains undegraded. Generally, phytoplankton form an integral part of POC both in limnic and manne aggregates and are captured by particles through mechanisms of collision that include shear and differential settling (Grossart & Simon 1993 , Kierrboe & Hansen 1993 ). In the Elbe estuary, Bacillariophyceae (diatoms) are the predominant phytoplankton components and account for up to 95% of the algal cells in sedimenting particles of diameter >l00 pm (Dyer 1986 , Wolfstein & Kies 1995 . In this study, laboratory experiments were performed in which sedimenting seston from the Elbe estuary was incubated under defined oxic, suboxic and anoxic environmental conditions similar to the conditions in the Elbe during sampling, and changes in the biochemical composition of the particulate matenal were monitored. According to Froelich et al. (1979) , environmental conditions are defined by the addition of inorganic terminal electron acceptors, which allow microbial oxygen reduction to be the predominant microbial process under oxic conditions, microbial nitrate reduction under suboxic conditions, and microbial Mn, Fe and sulfate reduction under anoxic conditions. Results from the laboratory experiments were compared with studies along a longitudinal profile in the Elbe estuary during seasons of high and low microbial activity.
MATERIAL AND METHODS
Study site. The Elbe estuary has a length of about 142 km, with the freshwater section (chlorinity -0.2%) reaching from the weir at Geesthacht (km 590) to about GIiickstadt (km 670) (Fig. 1) . The particulate organic carbon (POC) entering the estuary from upstream originates predominantly from riverine production as indicated by an average F13C value of about -28%0 (Kerner & Krogmann 1994) . Most of the POC is phytoplankton dominated by diatoms, whlch accounted for 90 and 71 % of the total algal cell numbers in spring and summer, respectively, between 1989 spring and summer, respectively, between and 1993 spring and summer, respectively, between (Arge 1989 spring and summer, respectively, between -1993 . Likewise, in March 1995, chlorophyll a (chl a):fucoxanthin ratios of between 2.2 and 2.8 were found at km 610 of the Elbe estuary, ind~cative of ! Hamburg l'-...;-. Geesthacht -.
. Fig. 1 The Elbe estuary, Germany, with the sampled freshwater section reaching from below the weir at Geesthacht (km 590) to about Gliickstadt (km 670). Numbers are km markers diatoms being the predominant phytoplankton present (F. Edelkraut pers. comm.). During transport downstream the SPM passes through Hamburg harbour (km 625), which acts as a sink for sedimenting particles. This not only affects the SPM from upstream but also the sedimenting particles, which are transported upstream during flood tide (Dyer 1988) . Downstream from km 610 primary production is limited by light, and the increase in water depth to about 10 m and reduced vertical mixing might not allow even self-sustaining photosynthesis (Wofsy 1983 , Wolfstein & Kies 1995 . Hence, along the longitudinal freshwater profile an increase in microbial degradation processes has been detected within the region downstream from Hamburg harbour due to the decay of phytoplankton . This produces significant oxygen deficiencies in late spring when the water temperatures increase rapidly, reaching well above 15°C during summer, and the oxygen concentrations can fall below 95 I-IM 02. In winter, when temperatures remain 58°C and microbial activities are slowed, oxygen saturation persists in the same longitudinal profile.
Sampling. Field studies were started on 23 March 1993 and on 25 May 1993 and 31 May 1994 to observe the microbial activities during periods when winter and summer water temperatures prevailed. Water temperatures were about 8, 19, and 16°C respectively. During the 2-day cruises, 6 stations which slightly varied in position during the different campaigns were sampled in an upstream direction between km 674 and 609 during water runoff (Fig. 1) . At each station 20 1 of water was taken from 2 m below the water surface at mid stream using a horizontally orientated sampler (Hydrobios, Kiel, Germany) . For the laboratory studies in summer 1994 and 1995 (see Table l ) , about 20 1 of estuarine water were collected each time with a clean bucket from the water surface during ebb tide at Teufelsbriick (km 630), downstream from Hamburg harbour (Fig. 1) . During sampling for laboratory studies, in situ temperature varied between 17.8 and 25.6"C and oxygen concentrations were between 113 and 212 pM 02. In both laboratory and field studies, the SPM was fractionated and concentrated from the water samples by a sedimentation method described in detail by Kerner & Krogmann (1994) . A specially shaped funnel was used which allowed the separation of suspended particles capable of sedimentation at a rate of 20.02 cm S-' (sed. PM) from the permanently suspended particles (susp. PM) of 10.1 mm diameter (Dyer 1986) . Because most of the free-living zooplankton does not settle using this method, the sedimenting fraction was depleted of these, and degradation processes were restricted to the particle associated microbial community. Chemical analyses of dissolved and particulate substances were performed as described below. Additionally, nlicroscopic studies including bacterial cell numbers and phytoplankton composition were performed during the field studies and results were published elsewhere (Bottcher et al. 1995 , Schafer & Harms 1995 , Wolfstein & Kies 1995 .
Only the sed. PM was used in the laboratory experiments to produce a seston layer in the incubation cell described below. While the experiments were being conducted, water samples were collected 3 times a day from the constantly mixed water columns overlying and underlying the seston layer. The particulate matter in 2 parallel batches was completely resuspended, removed and prepared for the determination of chemical composition after either 56 or 75 h and after 98 to 100 h of incubation (see Table 1 ).
Method of incubation. The laboratory device consisted of a round polycarbonate incubation cell (internal diameter = 40 mm, internal height = 22 mm) that was separated horizontally by an inflexible membrane (pore size = 0.2 pm, thickness = 60 pm) into 2 chambers, each 11 mm high, containing artificial Elbe water of known chemical composition. Before the start of the experiments, a seston layer was produced on top of the membrane using sed. PM obtained as described above. For 2 parallel incubations similar amounts of seston were allowed to settle in separate containers and sufficient material was used to produce similar, uniform depths of the layers in all experiments (see Table 1 ). The construction and function of the device has been described by Kerner & Gramm (1995) .
An incubation of the seston layer under defined environmental conditions similar to those for seston aggregates in the Elbe was allowed during the experiments by maintaining a constant 0.26 m1 min-' flow of artificial axenic Elbe water from two 15 1 stock vessels through the chambers overlying and underlying the layer. The artificial Elbe water contained 5.6 mM NaC1, 4.1 mM MgSO,, 0.8 mM CaSO,, 81.6 pM Na2HP04, 51.7 pM KH2P04, 0.21 mM NaNO, and 0.1 mM I5NH,C1. These concentrations are similar to those in natural Elbe water (Arge 1993). Chloride was added to the underlying chamber to produce a difference of -8 mM Cl-with the overlying water, and the pH in both chambers was 7.1. Since Cl-concentrations reached in the chambers were within the bounds of the natural changes occurring in the Elbe estuary at the study sites, the effect on the physiological estimates was assumed to be negligible (Arge 1993) . From the stable chloride concentrations reached during the experiments, the diffusion of chloride through the layer was calculated using Fick's first law assuming the diffusivity in the seston layer to be 88 % of that in water (Sweerts et al. 1991) . Thickness of the seston layer (see Table 1 ) was computed by equating the diffusion to the mass transport of chloride from the respective chambers of the incubation cell (Kerner & Gramrn 1995) . Oxic microbial respiration processes were initiated in the layer by the addition of oxygen as a terminal electron acceptor. For that, the artificial water flowing into the upper chamber was kept at a constant 116 PM O2 by aeration with an appropiate N2/02 gas mixture (MKS, Multigas Controller 147) to simulate Elbe water. Water in the chamber underlying the seston layer was deoxygenated by constant bubbling with N2 to simulate anaerobic pore water. To simulate suboxic conditions, anaerobic water was used in both chambers with nitrate aind sulfate added as the terminal electron acceptor at amounts listed above. Anoxic conditions in both chambers were simulated using anaerobic water with no nitrate, but with added sulfate. Respiration processes were then possible only by using sulfate and th.e particulate Fe(JI1) and Mn(IV), which accounted for about 3 and 0.5% of the seston material, respectively (Kerner & Krogmann 1994) . All experiments were conducted at 15OC in the dark with an argon atmosphere to eliminate any intrusion of 02.
Analytical procedures. The precision of all measurements was better than ? 5 % , unless otherwise stated. Cl-, NO3-, NO2-and NH,+ were analyzed in filtered (Minisart, pore size = 0.45 pm) water samples using flow injection analysis (Tecator. Aquatec 5020, Germany) by the method of Grasshoff et al. (1983) . Samples had been stored at -20°C for less than 1 wk. The detection limit was 0.14 mM for chloride, 0.07 pM for nitrite, 2 pM for nitrate and 0.7 pM for ammonium.
Oxygen, pH and CO2 during the laboratory experiments were measured directly at the chamber outlets using a glass flow-through cell containing specific electrodes (Eschweiler and Co., Kiel, Germany). The detection limit for oxygen was 0.3 pM. The detection limit for dissolved CO, at the given pH of 7.1 was 0.02 mM. The sum of CO2 in all dissolved ionic forms was calculated from the pH and ionic strength. In the field studies, O2 concentrations in the Elbe water were determined at the sampling sites with an 0,-sensitive probe (WTW, Oxi-Digi 91, Germany).
Extracellular proteolytic enzyme activity (EEA) was determined in samples from field and laboratory experiments by hydrolysis of fluorogenic L-leucine-4-methylcoumarinyl-7-amide HCl (Leu-MCA, Sigma Chemie, Germany) added to a concentration of 5 pM to ensure saturation kinetics (Hoppe 1983) . At the beginning and after 1 h of incubation at room temperature in the dark, the concentration of MCA was determined using a spectrofluorometer at excitation and emission wavelengths of 365 and 455 nm, respectively. Activities are shown for the particulate matter present.
Particulate organic carbon (POC) and particulate nitrogen (PN) in the particulate subsamples were determined with an Elemental Analyser, Model 1108 (Carlo-Erba, Italy). Samples prepared by filtration on pre-ashed (450°C) and pre-weighed Anopore A1203 filters (pore size = 0.2 pm) were dried at 70°C. Inorganic carbonates were removed by fuming the filters with concentrated HCl for 2 min. The detection limit of both N and C was below 0.4 pmol, and C:N ratios were calculated from the molar concentrations. Mass values of POC were used to compute chl a:C and particulate combined amino acids (PCAA):C ratios. Exchangeable ammonium was determined in 2 M KC1 extracts of the particulate matter and is given as the percentage of PN (see Table 1 ). We define exchangeable NH,' as adsorbed NH,' , which includes ammonium on the surface of clay minerals and ammonium associated with organic matter (Rosenfeld 1979) .
The amount of biogenic opal in the particulate matter was determined by refluxing 5 to 10 mg dry wt with 10 m1 of 0.1 N NaOH solution at 85'C for 5 h. During the reflux, 1 m1 subsamples were taken every hour and analyzed for Si02 by a photometric method using an Anthos htII microplate reader (Grasshoff et al. 1983) . The deviation of the regression line calculated from the concentrations at the different times of extraction gives the amount of biogenic opal (Demaster 1981) .
PCAA in the particulate matter from both laboratory and field studies were determined using a reverse phase HPLC coupled to a fluorescence detector after ophthaldialdehyde precolumn derivatization of the hydrolyzed samples (Mopper & Lindroth 1982) . Prior to analysis, samples that had been drled in a vacuum and stored at -20°C were hydrolyzed with 6 N HC1 at 110°C for 22 h in an argon atmosphere with ascorbic acid added to prevent amino acld oxidation. The hydrolysates were evaporated to dryness in vacuum and taken up in borate buffer. Additionally, total dissolved amino acids (DAA) were determined in the laboratory studies in 0.2 pm filtrates from the chambers underlying the seston layer hydrolyzed as described for PCAA. Dissolved free amino acids (DFAA) were determined in non-hydrolyzed filtrates and dissolved comblned amino acids (DCAA) were calculated by subtracting DFAA from DAA.
The precision of the preparation and analysis was k 3 to 5 O/o for most of the amino acids, but it was ? l 5 % for lysine and aspartic acid. Using the method described above, all 20 ubiquitous proteinaceous amino acids were detected. Due to the large variations in natural bacterioplankton and phytoplankton it is impossible to asslgn proteinaceous material to the biomass of one of these groups on the basis of the amino acid composition (Cowie & Hedges 1992) .
Phytoplankton biomass was determined from the pigments chl a and fucoxanthin, the latter indicative of diatoms (Richter 1988) . For the analyses, acetone was immediately added to samples on GF/F Whatman filters and stored in the dark at -20°C for less than a week. Prior to analysls, the filters were homogenized by ultrasonification. Separation of pigments In the acetone flltrate was accomplished using an isocratic HPLC method (Daemen 1986) , and concentrations were determined by absorbance at 436 nm. Calibration of chl a was conducted using Sigma external standards, while ratios of chl a:fucoxanthin were calculated on the basis of the peak areas, because no fucoxanthin standard was available.
Concentrations of sulfide, Fe(I1) and Mn(I1) were determined in 5 m1 of unflltered water according to Luther et al. (1985) by differential pulse polarography using a 647 VA polarograph and 646 VA processor (h4etrohm, Switzerland) with a static Hg electrode. The sample was taken by directing the outlet of the incubation cell into a Hamilton gas-tight syringe. The detectlon llmit was 0.03 FM for total H2S and 0.9 pM for Fe(I1) and Mn(I1).
"N-ammonium (98 atom%; Amersham) was added as a tracer to artificial Elbe water in the laboratory experiments as described above. In subsamples of the water analyzed for inorganic N species by colorimetric analysls, NH,' was eliminated by purging with N2 after raising the pH to 9.2 with borate buffer. The emerging gas was trapped in 3 m1 of 0.04 N H2S04. The 2 fi-actlons containing NO3-+NO2-or NH,' were analyzed for I5N and '?V with emission spectroscopy (Jasco Model N 151) after transformation of the nitrogen species to N, at 10-4 torr by the Dumas method. Nitrification rate was calculated from the dilution of NO3-+No2-with "N-NH,' according to the Blackburn-Caperon model (Laws 1984) . 15N-PON (particulate organic "N) was calculated from I5N-PN determined in the seston obtained at the end of the incubation by subtraction of the I5N-extractable ammonium. "N-PON was assumed to be produced from assimilated 15N-NH,', and the production of microbial biomass was conlputed using the equations derived by Dugdale & Goering (1967) .
Mineralization of the organic carbon was calculated from the respiration of the inorganic terminal electron acceptors using the stoichiometric reactions
Because 4 electrons are transferred during oxidation of organic C to CO2, for each CO2, 1 O2 is consumed as the lerminal electron acceptor determined as the total oxygen consumption -(nitrification X 2). For other terminal electron acceptors the ratios to CO2 are 1: 1.25 or 1:0.5 for NO3-, 1:0.5 for Mn4+ and 1:0.25 for Fe3+. Equal results for calculated and measured CO2 production indicated that oxidation of organic matter was coupled only to respiration processes, and that all carbon used was mineralized. CO2 evolution that exceeded production calculated from respiration > 2 x indicated that additional C 0 2 m u s t have been produced in fermentation processes (Kerner 1993) .
RESULTS

Laboratory studies
Mineralization processes
Mineralization rates in parallel incubations (AIB, C/D, E/F, G/H) calculated from the consun~ption of inorganic terminal electron acceptors differed by less than 10%, and confirmed the reproducibility of the experiments. Both oxic and suboxic respiration processes resulted in complete mineralization of the organic matter used during the incubations as a substrate, and the production of ZCO, (total CO,) accounted in most instances for at least 90% of the total electron transfers. Mineralization, however, resulted in a release of ammonium only under suboxic conditions. During oxic incubation, nitrification and NH; assimilation exceeded production of NH,+, and net consumption continuously increased during the experiment.
Aerobic conditions always occurred within the -1 mm layer, with mean concentrations of oxygen during oxic incubation in July 1995 in the water overlying and underlying the layer of 56 and 17 pM 02, respectively. At these oxygen concentrations, the mean total degradation rate was 16 pm01 C cm-"-' . Aerobic denitrification increased with time and after 4 d of oxic incubation accounted for about half of the total degradation (Fig. 2a) . This increase in denitrification was not explained by changes in the redox potential because it was independent of changes in total oxygen consumption produced in mineralization and nitrification processes (Fig. 2a) . Nitrification in the seston layer always accounted for less than 29% of the total oxygen consumption. Similar rates were obtained during July 1994, when the layer was -1.5 mm and respective oxygen concentrations were 31 and 6 pM 0,. Under these conditions, mineralization processes calculated from the consumption of terminal electron acceptors differed by less than 20% from those observed during July 1995.
During the suboxic incubation, nitrate was the dominant terminal electron acceptor throughout, with manganese reduction accounting for only 0.23 % of the total C degradation, the mean rate of which was 26 pm01 C cm-3 d-' (Fig. 2b) . Incomplete reduction of nitrate to nitrite occurred only when denitrification increased significantly during Days 1 and 2 of suboxic incubation, and NO2-accumulated to concentrations up to 64 PM.
During the anoxic incubation, the mean degradation rate calculated from Mn(1V) and Fe(II1) reduction was 0.24 pm01 C cm-3 d-' and was thus below that of oxic and suboxic degradation by a factor of about 50 (Fig. 2c) . A decrease in both Mn(IV) and Fe(II1) reduction occurred during the whole experiment, with the ratio of Mn(IV):Fe(III) reduction constant at about 3.5. The net release of ammonium during the first 2 d of the experiment exceeded any possible production calculated from the Mn(1V) and Fe(II1) respiration. From the production of ZCOz, which reached 11 pm01 cm-3 d-' only during Days 1 and 2 of the experiment, it was concluded that additional mineralization processes must have occurred initially. Sulfate reduction could not be detected from the sulfide concentrations, which remained below those expected from equilibrium calculations based on the sulfidic minerals present. Fermentation processes, however, would explain the observed releases of both Z C 0 2 and ammonium during the first 2 d of the experiment. Decomposition and production of biomass
The changes in the biochemical composition of the seston layer during microbial decomposition processes are shown in Table 1 The POC content of the sed. PM was only about '4 of that in the susp. PM and indicated hlgh amounts of inorganic matter. The POC in the sed. PM was mainly phytoplankton, which were dominated by diatoms, as indicated by chl a ; C ratios mostly above 16 and chl a:fucoxanthin ratios below 2.2. Concentrations of PCAA were initially similar in the seston used in all 4 experiments and accounted for about 12% of POC. The PCAA composition was characterized by a preponderance of glycine and serine and a scarcity of aspartic and glutamatic acid while the other proteinaceous amino acids were mostly within the range found for living phytoplankton (Fig. 3) . At the e n d of 75 and 56 h of continuous oxic and suboxic incubation, respectively, 76 to 88% of the PCAA was decomposed (Table 1 ) and the PCAA composition of the seston had changed to become more similar to that of living phytoplankton (Fig. 3a, b) .
Coupled with this was a decrease in biogenic opal of about 50 % which must have been produced only by the dissolution of silica from the frustules of the cell wall of diatoms, because other biogenic sources can be excluded in the Elbe estuary. During further oxic and suboxic incubation lasting about 98 h, little decrease in PCAA concentrations occurred (Table 1) and PCAA composition remained unchanged (Fig. 3a, b) . Even during selective use of PCAA a s a substrate there was not always an increase in the C:N ratio, indicating that the PN lost during degradation was counterbalanced by incorporation of N into the microbial biomass. A marked increase in the C:N ratio occurred only during suboxic oxic suboxic anoxic aspartic acid glycine s e~e glutamic acid alanine arginine incubation and was coupled to a decrease in adsorbed ammonium that accounted for 13 % of the decrease in PN (Table 1) . During anoxic incubation, 82% of the PCAA in the seston remained resistant to degradation, and mostly no significant changes were observed in the PCAA composition (Fig. 3c ), the C:N ratio, the extractable N and the concentrations of POC and biogenic opal (Table 1) . Calculated production of biomass from the uptake of 15N-ammonium accounted for about 5 % of the PN after about 98 h of both oxic and suboxic incubation, while during anoxic conditions the respective value was only 2 % ( Table 1) . Because photosynthesis was absent and the rates of respiration utilizing nitrate under oxic conditions were high, ammonium was assimilated in our experiments nearly exclusively by heterotrophic bacteria. For the same reasons, the occurrence of production other than that by bacteria could be completely excluded under suboxic conditions. Uptake and release of DCAA There was no continuous trend during the 98 h of incubations in the net release of about 9 nmol d*' of most of the individual DCAA. Concentrations remained at about 0.3 pM (Fig. 4) . DFAA were in the same range as those of DCAA but showed greater variations, Only concentrations of glycine were 4 times greater than those of most DCAA at the beginning of both oxic and suboxic incubations and decreased during the first 50 h by a factor of about 2. The constancy in DAA including leucine was in contrast to the potential proteolytic release determined from the EEA, which decreased between 8-and 17-fold during oxic and suboxic incubations (Table 1) . Furthermore, at similar EEA under different redox conditions, concentrations of individual DCAA determined under anoxic conditions always remained below 0.3 pM and were only v4 to '4 of those found during oxic and suboxic conditions. Even if our EEA measurements are not generally representative of the amino-acid-splitting enzymes present, they show that the concentrations of individual DAA might not simply depend on the EEA activity. The same is true for the microbial uptake, because at these DAA concentrations uptake rates for most of the individual amino acids would be saturated (Crawford et al. 1974 , Suttle et al. 1991 , Kramer 1994 . Therefore, the observed accumulation of dissolved glycine might be produced during a selective decomposition of particulate matter enriched in glycine as is the case for cell wall material of diatoms (Fig. 4a, b) . pension processes and the upstream transport of SPM during flood tide can cause great fluctuations in particulate matter concentrations on a scale of meters (Michaelis 1983 , Schoer 1990 ). In both cases, highly degraded organic and inorganic matter is mixed with the seston during the prevailing downstream transport resulting in a dilution of the proportions of substances in the particulate matter. The impact of such a mixing is greatest when the seston concentration is low, as it was during the field study in May 1994. We therefore used mostly changes in concentrations and ratios along the longitudinal profile of the Elbe estuary to describe degradation processes. In May 1993 and May 1994, Oa concentrations in the water entering the Elbe estuary decreased and minimum values were reached below km 630 (Fig. 5b, c) . This depletion in 0; along the longitudinal profile of the Elbe estuary was produced by heterotrophic oxygen consumption and was not found in March 1993, when maximum microbial activities determined as EEA were 4 times smaller (Fig. 5a) . Likewise, in May 1993 and May 1994 rapid degradation of fresh phytoplankton upstream of km 630 was indicated by the decrease of the chl a:C ratio from 9 and 8 to 0.5 and 2 pg m g ' , respectively ( Table 2) . Decomposition of fresh phytoplankton material was further suggested by selective use of PCAA as substrate, and the PCAA content in relation to total POC decreased in the sedimenting seston from about 40 to 2 % in May 1993, and 25 to 5 % in May 1994 (Fig. 5b, c) . C:N ratios mostly did not follow degradation of PCAA and only little changes were found along the longitudinal profile (Table 2 ). The constant increase of the C:N ratios in May 1993 downstream of km 626 reflects decomposition of organic matter that was found to adsorb ammonium, and the amount of extractable NH/ decreased from about 5 to below 1 % (Table 2) , while dissolved ammonium concentrations reField studies n~ained constant at about 7 pM. The same tendency of the C:N to increase when the amount of extractable Because field data were obtained at different Sam-NH4+ markedly decreased was also found in May pling sites and during different years, a direct compar-1994 between km 639 and 645.5 (Table 2) . ison of concentrations is difficult. Furthermore, it has to Since primary production is inhibited between km be taken into account that, in the part of Elbe estuary 610 and 670, there was no constant source of fresh influenced by the tides, both sedimentation and resusparticulate material within the region. Inputs of fresh organic matter from small streams flowing into the Elbe could be excluded from the decrease of the absolute concentrations of PCAA along the longitudinal profile (data not shown). Thus, progressive decomposition of the seston material occurred during transport downstream, which was coupled with specific changes in the composition of the PCAA in the sedimenting seston (Fig. 6) . In May 1993, between km 611 and 645, the amounts of glycine and serine increased, while those of aspartic and glutamatic acid decreased. Downstream of km 645, similar to the laboratory experiments described above, there was selective use of PCAA rich in glycine and serine and poor in aspartic and glutamatic acid, such that the amino acid composition of the seston reverted toward that of the PCAA of phytoplankton and/or bacterioplankton. The same was true during May 1994; seston entering the Elbe estuary had already been significantly enriched in glycine and serine and depleted of aspartic and glutamatic acid compared to living phytoplankton, which indicated a n advanced state of decomposition, This situation was only poorly reflected by chl a:C and EAA, which remained high compared to May 1993. The differences in chl a:C and EAA between the different years can be partly explained by the 5 -to 10-fold lower SPM concentration during May 1994, as discussed above. During March 1993, the biochemical composition of sedimenting seston remained unaffected by biological production and consumption processes along the whole longitudinal profile. Chl a:C ratios remained below 2 pg mg"', the C:N ratio was about 10, and the amount of extractable NH4+ remained below 1.2% (Table 2) .
much below the 25 to 30% found in pure cultures of diatoms (Cowie et al. 1992 , Harvey et al. 1995 . However, chl a:C ratios above 16 and chl a:fucoxanthin ratios below 2.2 indicated that much of the POC was phytoplankton, which was dominated by diatoms (Hunter & Laws 1981 The preponderance of diatoms in the Elbe
estuary was confirmed by additional inves- The results of the laboratory studies on the degradation of POC were obtained using seston from the Elbe estuary which , consisted only of aggregates > l 0 0 pm in error bars: ranges) as reported by Cowie & Hedges (1992) Nearly all the lnicrobial respiration processes in the Elbe estuary described in the diameter and was free of larger planktonic organisms. Most of the seston used consisted of inorganic matter, as indicated by a POC content below 10%. The organic carbon contained about 12 % PCAA, which Furthermore, PCAA concentrations mostly accounted for less than 20% of the POC, and the amino acid composition remained typical for degraded material of sedimentary origin (Fig. 6a) . Both during March and May, dissolution of biogenic opal occurred independently of heterotrophic microbial activities and concentrations decreased within the longitudinal profile by more than 40% (Fig 5) .
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M 3 b52 632 marine sediments (Colvie et al. 1992 ) and literature occurred in seston obtained from open, aerobic water, which had the capacity for microbial reduction of oxygen, nitrate, manganese and ferric iron. These microbial processes were rapidly initiated within the seston layer when oxic, suboxic and anoxic conditions were induced (Fig. 2) . The capacity for anaerobic microbial processes reflects either (1) that the material was resuspended sediment, or (2) that anaerobic processes occur within the open water of the Elbe estuary. A previous study, in which suboxic microbial processes were found to occur in the Elbe estuary when oxygen concentrations in the open water decreased to about 95 pM O2 , supports the second explanation. Likewise, no capacity for sulfate reduction was detected in the seston but was found in anaerobic sediments of the Elbe estuary (Tiedemann & Wilken 1987 , Kerner 1993 . In contrast, even obligate sulfate reducers have been found in marine snow aggregates, which, however, can reach several cm in diameter and therefore be subject to more reduced conditions than those in estuarine aggregates of only a few mm in diameter (Eisma 1993 , Shanks & Reeder 1993 . Even the reports on sulfate reducers associated with marine snow do not provide information on whether sulfate reduction really occurs in situ. In general, this cannot be determined by field studies because the end products of anaerobic processes are difficult to detect when aerobic conditions prevail in the surrounding water. For the same reason, the respiration rates determined in the aggregated seston can only be compared directly with those available from biofilms. Mean rates of 12 pm01 cm-3 d-' for total oxygen consumption and 21 pm01 cm-3 d-' for nitrate reduction detected in the seston aggregates were quite similar to those found for compact microbial communities in biofilms (Nielsen et al. 1990 ). However, when glucose was added, respiration rates in the biofilms increased by a factor of 3 to 1000 (Kuhl & J0r-gensen 1992) . DOC present in the Elbe estuary might similarly enhance respiration rates within the seston aggregates, which would limit oxic degradation processes in aggregates suspended in aerobic water to the upper 200 to 400 pm of the particle-water interface. Hence, the greater amount of degradation in natural aggregates would proceed via suboxic processes, resulting in changes of the POM composition described below. To clarify how close our rates for oxygen consumption were to the in situ situation, we compared our results with the biological oxygen demand (BOD7) measured in the Elbe water at km 630 in May 1993 (Klages 1995) . The good agreement between the BOD, of 0.4 with our mean rate of 0.2 mg O2 g dry wt h ' suggests similar conditions in our device.
Changes in substrate availability
While the importance of oxygen for sedimentary organic matter preservation is debated (Lee 1992 , Canfield 1994 , it is clear from our study that its concentration is also important in determining whether the rate and amount of organic matter decomposition in seston aggregates is coupled to oxygen respiration. At O2 concentrations of below 56 FM in the seston layer, approximately equal amounts of POC mineralization were supported by oxygen and nitrate respiration. A limitation in substrate availability was suggested only for oxygen, with the respiration rate decreasing after 48 h of continuous incubation while nitrate respiration increased during 98 h of incubation. This increase was not explained by the oxygen concentration within the seston aggregates; the O2 concentration remained constant due to changes in nitrification, which accounted for 29% of the total oxygen consumption (Fig. 2a) . Constant rates during 98 h of suboxic incubation suggest nitrate respiration to be less limited by substrate availability than oxygen respiration. Previous studies during which the oxygen concentrations were above 95 pM O2 showed that the supply of organic substrates limited oxygen respiration after about 120 h, when nitrification accounted for almost the entire oxygen consumption (Kerner & Gramm 1995) . With respect to processes in the field, present findings show that significant nitrate reduction might occur even in degraded seston exposed to suboxic conditions, a situation that could occur after sedimentation onto anaerobic sediments. Under anoxic conditions, however, when POC degradation was restricted to both ferric iron and manganese reduction in the seston, rates were only about 1 % of those under suboxic conditions and further decreased to about 0.5 % after 98 h, due to the substrate specificity of these respiration processes (Fig. 2c) . Anoxic degradation coupled to fermentation was restricted to the first 48 h of incubation, when rates similar to those under suboxic and oxic conditions were reached, as indicated by both the ammonium and CO2 budgets. Some of the organic substances produced in this way are used as substrates for respiration but showed only little impact on ferric iron and manganese reduction in the seston aggregates. In the literature, the potential of fermentation processes is mainly overlooked, although they seem important processes in suboxic mud flat sediments where fermentation has been considered to control iron and manganese reduction (Kerner 1993) . Within the oxic-anoxic interfaces of sediment surface layers, fermentation has been found to produce an increase in oxygen respiration (Kerner & Gramm 1995) . In coastal marine sediments fermentation allows sulfate reduction to occur at high rates to which most of the mineralization is coupled. The substrates thereby used are always low molecular weight compounds and nearly a11 of these are known to be fermentation products (Widdel 1988) .
Selective utilization of POC Preferential mineralization of PCAA within the mixture of organic matter, as described for marine sedi-ments and material from sediment traps, was also detected in the seston aggregates, where the proportion of PCAA in the POC decreased from 12 to below 2 % (Henrichs & Farrington 1987, Lee et al. 1987 , Burdige & Martens 1988 . The amino acids that remained in the seston after both oxic and suboxic degradation were not refractory but consisted mainly of active bacterial biomass (see below). Similar efficiencies were found only in an experiment by Harvey et al. (1995) , who mimicked the natural aerobic environment of sedimented diatoms or cyanobacteria in a flowthrough system in which no nutrient limitation occurred and end products were exchanged continuously. Because other studies generally used static incub a t i o n~, Harvey et al. (1995) interpreted the nearly complete mineralization of phytoplankton debris within about 20 to 30 d to indicate a sufficient nutrient supply and a dilution of metabolites in his experiments. A similar time for the degradation of most labile substances in estuarine phytoplankton detritus was found in static slurry incubations by using oxygen consumption as the indicator (Hargrave & Phillips 1989) . However, in our experiments the decay time for 84 to 88% of the PCAA under both oxic and suboxic conditions was only 56 h after the seston had been incubated in a layer. In the field, when microbial processes determined along the freshwater profile of the Elbe estuary were high in May 1993 and May 1994, very similar efficiencies of 95 and 83%, respectively, were calculated (Fig. 5) . Also, the time in which degradation of PCAA occurred in the field was in good agreement with our laboratory experiments. Assuming that the transport of the SPM along the longitudinal profile of the Elbe estuary was similar to the movement of the water mass, decomposition processes would have been completed within 2 to 4 d. Similarly, in studies of marine and estuarine sediment trap material, amino acids produced by primary production were found to decrease by up to 80% while sinking through the upper 50 to 100 m of the ocean (Lee & Cronin 1982 , Montani & Okaichi 1985 . Slnce most of the sedimenting particles are about 1 mm in diameter and sedimentation rates are known to be about 50 m d-l, the time it takes for the PCAA to decompose must only b e about 2 d (Dyer 1986 ). In the literature, the rapid decay of PCAA within seston aggregates is explained as the high exoenzymatic activities and high densities and growth rates of the particle-bound microorganisms, as described for marine and limnic flocs (Smith et al. 1992 , Grossart & Simon 1993 , Kepkay 1994 . However, present results show that elimination of PCAA within the seston aggregates from the Elbe estuary occurred independently of the differences in bacterial activities during the same periods of both oxic and suboxic incubation. Thus, under these conditions, degradation of PCAA in the seston aggregates always occurred at a maximum rate, which was controlled by the high microbial availability in the PCAA.
Another phytoplankton compound that can be quickly degraded under oxic conditions by a variety of diagenetic processes within the water column and surface sediments is chlorophyll (Sun et al. 1993) . Present field studies showed that in the Elbe estuary at oxygen concentrations of usually well above 100 LIM 02, chl a was degraded preferentially to the bulk of the organic material, and the chl a:C ratio decreased below 3. Using seston from the Elbe, Kerner & Gramm (1995) observed that 70% of the chl a was decomposed within 30 h after the material had formed aggregates, when oxygen concentrations were well above 95 PM. In the laboratory experiments described here, although the chl a concentration decreased considerably under all experimental conditions, the chl a : C ratios remained con~paratively constant when oxygen concentrations in the seston layer were below 56 pM (Table 1) . A further decrease in the oxygen concentration to below 31 pM, as well as during suboxic conditions, a n increase in the chl a:C ratios to above 36 was observed, indicating that more chl a than POC had accumulated during degradation. The similarity of the results during different years indicates that differences in the biochemical coinposition had little impact on the degradability of chl a. The differences in chl a degradation are probably d u e to the dissimilar processes employed by the heterotrophic organisms under different redox conditions. Therefore, chl a degradation seems very sensitive to changes at low oxygen concentrations, and an increase in the chl a : C ratio during degradation might be indicative of oxygen concentrations within the seston aggregates below a threshold value of about 60 pM.
Degradation of refractory material
From ammonium uptake we calculated that at the end of both oxic and suboxic incubations, about 10 % of the PN had been derived from newly produced bacterial biomass, assuming that ammonium accounted for 50% of the total N demand (Keil & Kirchman 1991) . Because in NH,' has been reported to sustain from 8 to 90% of the bacterial N demand in estuarine bacteria, our calculations might be either overestimated or underestimated by a factor of 6 or 2, respectively (Kroer et al. 1994 , Hoch & Grchman 1995 , Middelboe et al. 1995 ). An underestimation could be excluded because of the findings that the N in the newly formed bacterial biomass equaled the amounts of N in the PCAA detected at the completion of oxic a n d suboxic incubations (Table 1) . Likewise, during this period, the PCAA in the phytoplankton must have been com-pletely decomposed. This even includes the cell wall material of the diatoms. In the literature, the cell wall material of diatoms has been reported to reslst degradation, and increasing amounts of serine and glycine in the particulate matter with increasing depth in the water and sediment have been said to be indicative of an advanced state of decay (Sigleo et al. 1983 , Burdige & Martens 1988 , Faganeli 1989 . Lee et al. (1987) even used the persistence of the glycine-rich PCAA material to estimate the proportion of resuspended sediments in the total SPM in Lake Greifen, Switzerland. The results of the present study clearly show that degradation of both inorganic and organic compounds in the cell wall material of diatoms occurs in seston aggregates from the Elbe within 56 h under both oxic and suboxic conditions. Since the PCAA in the cell lumen are more easily degraded than that in the cell wall, there was a characteristic sequence in the relative amounts of glycine, serine, aspartic and glutamatic acid. This sequence can be used to characterize different states of decay. At an intermediate state of decay, which was detected only during our field experiments, most of the PCAA have been degraded, but the protein structure of the cell wall remains intact. This results in increases in the relative amounts of glycine and serine and a decrease in those of aspartic and glutamatic acid (Fig. 6b) . Further degradation of seston material enriched in this PCAA pool was followed both in laboratory incubations and field experiments and brought about similar changes in PCAA composition with decreasing relative amounts of glycine and serine and an increase in those of aspartic and glutarnatic acid (Figs. 3a, b & 6b, c) . It is coupled with an accumulation of dissolved glycine. When the degradation of the PCAA, except that in newly formed bacterial biomass. is completed, the PCAA composition becomes similar to that of bacterioplankton. At this stage of decomposition, about 50% of the biogenic opal had been dissolved at a dissolution rate coefficient equivalent to about 0.2 d-l, which is and similar to the maximum rates of 0.05 to 0.2 d-' from silica dissolution of small centric diatoms at 20°C (Nelson et al. 1976 ). In addition to showing that silica is rapidly recycled from the seston aggregates, this finding demonstrates that diatom cell walls are not of refracatory nature and even their inorganic compounds are subject to rapid decomposition processes.
Our laboratory results showed that only anoxic conditions can induce a general resistance of proteins to diagenetic decomposition. Fabiano & Danavaro (1994) came to the same conclusion examining sediments, and molar fractions of glycine and senne have been found to increase with depth in anoxic coastal marine sediments (Burdige & Martens 1988) . Similarly, no changes in composition of the PCAA were detected during the settling of fresh phytoplankton in the stratified Potomac estuary, Maryland, USA, where an ennchment of glyclne and alanine and a depletion of aspartic and glutamatic acid occurred only during sedimentary processes (Sigleo & Schulz 1993) . However, in most studies the impact of anoxic conditions cannot be separated from the many other factors which might also influence decomposition of proteins in cell walls of diatoms. These include lack of easily degradable organic matter, adsorption to humic substances, competition for N sources, complex formation with a number of other compounds, lack of specific exoenzymes, and lack of specific micronutrients. Such ambiguity could be partly avoided in, future studies on microbial cycling of POC by Including both the determination of the respiration rates to characterize the availab~lity of organic substrates and changes in the biochemical composition.
In conclusion, our evidence for the effect of aggregation of the seston on the rate and efficiencies of microbial degradation of phytoplankton has some important implications at the ecological level. The net release of ammonium during suboxic degradation might have consequences for the nutrient status of the plankton community, and observations of the seston aggregates should be included in discussions of competition for inorganic nutrients between bacteria and phytoplankton (Kirchman 1994 ). For aquatic environments in which phytoplankton decomposition within aggregates is rapid, heterotrophic microbial control of the abundance of phytoplankton might be overlooked and zooplankton grazing overestimated. Determining amino acid composition in aggregated seston rich in diatoms offers great potential as a tracer of the state of microbial degradation and availability of POC.
